Abstract Evolution of a filamentous bacterial population was monitored on four wastewater treatment pilot plants subject to stresses which have consisted of oxygen deficiencies and/or loading shocks. Fluorescent in situ hybridization (FISH) was used to perform filaments identification and quantification. Results obtained on the different pilot plants have led us to conclude that independently of the nature of the stresses, a single filamentous bacteria species was involved in the increase of the sludge volume index associated to the filamentous growth. In addition, when serial stresses were used, substitutions in dominant filamentous populations occurred: if another filament began to proliferate it caused the regression of the one which was formerly dominant.
Introduction
Activated sludge is the most widespread process used for wastewater treatment in France (70%). In this system, the most encountered problem is filamentous bulking. It concerns about 25% of the French wastewater treatment plants (WWTP) (Duchène, 1994) . Several factors have been described to favour filamentous bulking: oxygen and nutrients deficiencies, septic conditions, low F/M ratio, influent composition (Jenkins et al., 1993) . Anterior experiments (Pernelle et al., 1998) led us to wonder what was the effect of oxygen deficiency on filamentous bulking. In the experiments presented here, we studied particularly oxygen deficiencies and loading shocks. The latter is studied because it has been shown that the dissolved oxygen concentration in a mixed liquor is a function of the F/M ratio applied (Palm et al., 1980) : a substrate overload can induce an oxygen deficiency. These different experiments are also used to monitor filamentous bacterial population evolution (interactions between filaments). This paper exposes the effects of oxygen and loading stresses on filamentous growth and the conclusions about the dominance of a single filamentous bacteria species during bulking.
Materials and methods
Four 150L WWTP pilots (1, 2, 3, 4) were seeded with mixed liquors from WWTP dealing with urban type effluent. Plants used extended aeration systems and the F/M ratio was close to 0.08 kg BOD/kg MLVSS. d. A synthetic effluent made with diluted Viandox ® was used. This substrate is essentially composed of easily biodegradable substrate, rich in carbohydrates and with a weak phosphorus deficiency. The sludge volume index (SVI) was measured to monitor the sludge settleability. After a substrate stabilisation period within the range of 20 to 30 days, different types of stress were applied to the four pilot plants. The F/M ratio used in all the pilots is close to 0.1 kg BOD/kg MLVSS. d. Stress conditions are shown in Table 1 . Filamentous bacteria were identified and quantified after in situ hybridization (Manz et al., 1992) . The following oligonucleotide probes were used: TNI, 21N, SNA, HHY respectively specific of the filamentous bacteria Thiothrix nivea, Eikelboom type 021N, Sphaerotilus natans and Haliscomenobacter hydrossis (Wagner et al., 1994) . Filamentous bacterium N. limicola II was quantified after Gram staining because oligonucleotide probes against this bacterium do not exist. We have monitored these filaments because they have been involved in bulking with Viandox ® as substrate.
Results and discussion
Influence of loading shocks and oxygen deficiencies on filamentous bacteria
In pilot 1, we studied the effect of the two components of loading shock separately (oxygen deficiency and massive substrate overload) then the association of these two components. We obtained, for application of oxygen deficiency (stress 1) and substrate overload (stress 2) separately, significant but transient growth for filamentous bacteria H. hydrossis and N. limicola ( Figure 1a ). Only the combination of the two components induced the bulking of H. hydrossis, with a SVI close to 400 mL/g (Figure 1b ). It would seem logical to expect an equivalent or superior growth of N. limicola after the 3rd stress but it did not present significant growth. This result could be explained by a competition between filamentous bacteria when H. hydrossis began to proliferate (Pernelle et al., 2001) .
In pilots 2 and 3, where stresses equivalent to the 3rd stress of pilot 1 were applied, a wide response variability was observed. In pilot 2, a sole stress was used and it was sufficient to cause a bulking of the filament S. natans. Transient growth of Thiothrix and Eikelboom type 021N were observed. The SVI reached an average value of 260 mL/g (Figure 2 ). In this experiment, the combination of the two components of loading shock without prior stresses was able to induce a bulking. It is interesting to note that in this pilot for the same combined stress as in pilot 1, we did not observed the proliferation of H. hydrossis although it was present in the sludge. A specific stress would seem to cause the development of a micro-organism belonging to a group of filamentous bacteria rather than a specific filamentous bacterium. According to (Jenkins et al., 1993) , S. natans, H. hydrossis and Eikelboom type 1701 belong to the low DO group of filaments.
In pilot 3, the two stresses applied were identical to the one applied in pilot 2. No significant growth was observed after the 1st stress and the SVI was not modified (Figure 3 ). Simultaneously to a decrease of the population of H. hydrossis, the filamentous bacterium S. natans began to grow. The 2nd stress was followed by a bulking of this latter filament. The SVI presented an average value of 250 mL/g. Thirty days after the start of the 2nd stress, an important and rapid decrease in S. natans population was noted although SVI continued to increase until a value of 300 mL/g. This was due to the proliferation of the filament Eikelboom type 0803. There is no quantitative data presented for this filament because we did not have a specific probe for it and its morphology was not sufficiently G. Gaval et al. Pilot 1 3 Stress 1: high oxygen deficiency 1 (7 days). Stress 2: high loading shock 2 (3 days) Stress 3: high loading shock 2 (3 days) + high oxygen deficiency 1 (7 days). Pilot 2 1 Stress: high loading shock 2 (3 days) + high oxygen deficiency 1 (7 days). Pilot 3 2 Stresses: high loading shock 2 (3 days) + high oxygen deficiency 1 (7 days). Pilot 4 3 Stresses: low oxygen deficiency 3 (2 days) + low loading shock 4 (4 days).
50
1 high oxygen deficiency: three four hours periods without dissolved oxygen were applied per day 2 high loading shock: F/M = 1kg BOD/kg MLVSS. d the 1st day and F/M = 0.2 the 2nd and the 3rd days 3 low oxygen deficiency: aeration time is the same as in normal conditions but dissolved oxygen concentrations were lower ( 0.4 mg/L) 4 low loading shock: F/M = 0.3 kg BOD/kg MLVSS. d characteristic to quantify it after Gram or Neisser staining. Once again, responses of filamentous bacteria are completely different for the same stress. Here, H. hydrossis did not react to stresses, S. natans is the first bacterium which reacted but after an important development, it disappeared when Eikelboom type 0803 began to dominate in the mixed liquor. Stresses applied in pilot 4 were a little bit different than those used in the other pilots, stresses intensities were lowered. The cumulative effect of stresses on the filamentous growth was more particularly studied. Three stresses were applied. S. natans and Eikelboom type 0803 reacted to the 1st stress but only Eikelboom type 0803 caused the increase of SVI. Three bacteria reacted to the 2nd stress: S. natans, Eikelboom type 0803 and N. limicola II. A progressive disappearing of S. natans was noted, N. limicola displayed an important growth but Eikelboom type 0803 was still the dominant filamentous bacterium. The 3rd stress was followed by a disappearing of Eikelboom type 0803, N. limicola II became the dominant filament in the mixed liquor. SVI value reached an average value of 644 mL/g (Figure 4 ).
Dominance of a sole filamentous bacterium during a bulking
In all these pilot plants, when bulking occurred, if the different filaments present in the mixed liquor were liable to react to stresses, only one became dominant. Filaments present in mixed liquor are sensitive to different factors: N. limicola II (readily biodegradable substrates), S. natans and H. hydrossis (readily biodegradable substrates, low DO) (Jenkins et al., 1993) . N. limicola II could also be favoured by low DO (Scruggs and Randall, 1998) . We observed that those three filaments reacted to stresses in pilot plants. Nevertheless, when bulking occurred a sole filament among them was dominant. We have never seen bulking with two filaments in equivalent high numbers. It would seem logical to raise the idea of competition between filaments. Another point has been observed, when several stresses were applied, we had two types of responses:
• the dominant filament after the 1st stress remained dominant after the other stresses, • a new filament which was present in low numbers after the 1st stress became dominant, causing the regression of the former dominant filament. 
Conclusions
Several points can be retained:
• It is not possible to connect a specific stress with one peculiar filamentous bacterium, it is more a case of a family sensitivity to the same stimuli.
• When several stresses are applied, substitutions can take place between the dominant filament and one of the minor filaments belonging to a group sensitive to the same factors. So the minor filament after a former stress can become dominant after the second one.
• During bulking, a strong competition exists between filamentous bacteria leading to the dominance of a single species.
